In this study, we evaluated the performance of 18 competition indices composed of nine 2 distance-dependent and nine distance-independent indices in explaining the variation in 3 individual tree diameter growth of Calabrian pine (Pinus brutia Ten.) in Central Mediterranean 4 region of Turkey. The data were obtained from 432 sample plots with varying stand age, site 5 index and stand density. In order to evaluate the performance of each competition index, the 6 mean square error reduction approach was used relative to the non-competition. Also, this study 7 compared fixed and mixed effects models to analyze diameter growth. Statistical analyses 8
Competition indices are the numerical expression of the degree of use of the growth 2 potential limited by the genotype of a tree species (Pretzcsh 2009 ). The success of a competition 3 index varies depending on tree species, available data, and in particular the structure of the 4 selected model (Tomé and Burkhart 1989; Biging and Dobbertin 1995) . Competition indices are 5 divided into two groups as distance -independent (Wykoff et al. 1982; Lorimer 1983; Schröder 6 and Gadow 1999) and distance -dependent (Bella 1971; Hegyi 1974; Alemdağ 1978; Martin and 7 Ek 1984; Burkhart and Tomé 2012) . Distance-independent competition indices do not require the 8 knowledge of tree coordinates and the distance between trees since they are functions of the 9 general parameters at the stand level or the initial dimensions of the subject tree. Distance-10 dependent competition indices are calculated as the functions of the initial dimensions of the 11 subject tree and the distance and dimensions of the neighboring competitor trees. 12 Distance-independent competition indices can be considered more advantageous compared 13 to distance-dependent competition indices as they require less data and are easier to calculate 14 (Corral-Rivas et al. 2005) . Conceptually, distance-dependent competition indices are expected to 15 perform better than the distance-independent competition indices and several studies have 16 supported this expectation (Martin and Ek 1984; Wimberly and Bare 1996; Contreras et al. 17 2011; Maleki et al. 2015; Tenzin et al. 2017) . However, some researchers have reported that 18 there was no significant difference between the model successes of the two types of indices 19 (Lorimer 1983; DeBell et al. 1997; Özkaynak 2003; Corral-Rivas et al. 2005; Lederman 2010; 20 Sharma et al. 2016) . The inability to accurately determine the competitor trees or the 21 insufficiency of the selected model is proposed as the reason for the lack of significant difference 22 (Prevosto et al. 2000) . In fact, some researchers have determined that the distance-independent 23 D r a f t competition indices yield a little more successful results (Biging and Dobbertin 1995; Schröder 1 et al. 2007; Kaya 2013; Śmigielski et al. 2017; Bérubé-Deschênes et al. 2017 ). On the other 2 hand, distance-dependent competition indices are more appropriate for natural stands whereas 3 distance-independent competition indices are used for afforestation sites (Prevosto et al. 2000) . 4
Competition indices are generally used as an explanatory variable in individual tree yield 5 models since competition among trees contribute significantly to the determination of growth 6 relationships. The contribution of the competition index in these models is to put forward the 7 competition status of the subject tree in relation to the neighboring competitor trees (Radtke et al. 8 2003) . Competition among trees depends on tree species, size of the tree (diameter, height, 9 crown width, etc.), size and location of the neighboring trees, and therefore stand conditions. 10
Numerous numerical or theoretical competition indices, the first of which has been defined by 11
Staebler in 1951, which produced useful results in individual tree yield studies have been 12 developed (Staebler 1951; Newnham 1966; Gerrard 1969; Bella 1971; Hegyi 1974; Sun 1977; 13 Alemdağ 1978; Arney 1978; Wykoff et al. 1982; Lorimer 1983; Martin and Ek 1984; Hamilton 14 1986; Tomé and Burkhart 1989; Corona and Ferrara 1989; Nagel 1999; Schröder and Gadow, 15 1999) . It becomes rather challenging to determine the optimal competition index because the 16 success of the competition index, which is a numerical expression of the competition among 17 trees, will change as a result of stand conditions. Therefore, it has not been possible to formulate 18 the optimal competition index for all tree species in various yield studies conducted so far 19 (Pretzcsh 2009). 20 Calabrian Pine (Pinus brutia Ten.) is one of the primary forest tree species of Turkey based 21 on its range, growth and yield properties and the economical revenue it generates. The reason for 22 selecting Calabrian pine as the tree species in this study is based on the fact that it covers wide 23 D r a f t sections of our country's forested areas (approximately 5.61 million ha and 27% of the total 1 forest area) and is a characteristic natural tree species (General Directorate of Forestry 2015) . 2 Therefore, it is possible to use the results of the study in practice. 3
In this study, our objectives were to i) determine the contribution of competition indices to 4 estimating diameter growth, ii) compare the performance of distance-dependent and distance-5 independent competition indices, iii) compare the successes of some competitor selection 6 methods used, iv) compare fits and predictions with fixed and mixed effects models v) estimate 7 the diameter increment with the model used to determine the most successful competition index. 8
Data collected from natural and even-aged Calabrian pine stands located in the Central 9
Mediterranean region of Turkey (Antalya and Mersin provinces) were used to realize these 10 objectives. 11
Material and Methods 12
Study area and data 13
The study area covers the even-aged, pure natural Calabrian pine stands of the Central 14
Mediterranean region (Antalya and Mersin provinces, 36°00'-37°30'N, 29°20'-35°00'E) of 15 Turkey (Euforgen, 2009; Kahriman et al. 2016) (Figure 1 ). Temperature ranges from 10°C to 16 25°C with the lowest temperatures ranging from 4°C to -11°C and the maximum temperature 17 reaches 45°C in the distribution zones of the Calabrian pine (Pinus brutia Ten.) stands used in 18 the study. Total annual rainfall varies from 400 to 2000 mm (with uneven distribution of rainfall 19 over a year) and relative humidity ranges from 60 to 70%. The climatic regime is a typical 20 Mediterranean climate, characterized by a mild and rainy winter and a hot and dry summer. The 21 altitude of the study area varied from 79 to 1473 m (ܺ ത =579.0 m) and the slope ranged between 2 22 % and 120 % (ܺ ത =%38.9). 23
the Hossfeld model. Relative Density Index which was developed by Curtis et al. (1981) was 1 used to estimate stand density according to the formula below: 2 Relative Density Index (SD):
where BA (m 2 /ha) stands for the basal area per hectare and ݀ ̅ q (cm) stands for the quadratic mean 3 diameter, respectively. 4
Descriptive statistics including mean, minimum, maximum, and standard deviation of tree 5 components such as 5-year diameter growth (i d5 ), diameter at breast height 5 years ago (DBH), 6 double bark thickness (DBT), total height (h), crown width (CW) and crown length (CL), of plot 7 characteristics such as stand age (t), site index (SI), stand density (SD), stand basal area (BA), 8 quadratic mean diameter (d ത ୯ ), mean height (h ത ), and relative spacing index (RS), and of 18 9 competition indices are listed below (Table 1) . 10 #Approximately Table 1# 11
Competition Indices and their evaluation 12
A total of 18 competition indices composed of nine distance-independent and nine 13 distance-dependent types were selected based on literature search to be used in this study (Table  14 2). The first nine are distance-independent and the remainder is distance-dependent indices. 15
The relative spacing index (RS) of a given plot was calculated using the following formula: 16
where 10000 represents the plot area (m 2 ), N is the number of trees in the plot, H Dom is the stand 17 dominant height (m) (mean height of hundred thickest trees per hectare). 18
#Approximately Table 2# 19
It may not be possible to determine the relationship of a tree with its neighbors directly if 1 its location within the stand is not identified. In this case the only way to calculate the 2 competition indices among trees is to compare the size of the subject tree to the sizes of all the 3 other trees within the stand. There are different approaches used to calculate the distance-4 independent competition indices (Tomé and Burkhart 1989; Pretzcsh 2009 ). The approaches 5 used in the nine distance-independent competition indices tested in this study (Table 2 ) can be 6 summarized as follows: (i) the approach where the sum of the basal areas of the trees with 7 greater diameters than the subject tree is considered the competition index (CI 1 : BAL: Wykoff et 8 al. 1982) , (ii) the approach which considers the ratio of the sum of the breast height diameters of 9 neighboring trees in the plot to the breast height diameter of the subject tree (CI 2 :Lorimer 1983) , 10 (iii) and (iv) the approach which considers the ratio of the diameter of the subject tree to the 11 quadratic mean diameter (CI 3 : Hamilton 1986) and to the diameter of the tree with the greatest 12 diameter (CI 4 : Tomé and Burkhart 1989), (v) and (vi) the approach which considers the basal area 13 of the subject tree to the mean basal area of the stand (CI 5 : Tomé and Burkhart 1989) and to the 14 basal area of the tree with the largest diameter in the stand (CI 6 :Tomé and Burkhart 1989), (vii) 15 the approach which considers the ratio of the sum of the basal areas of the neighboring trees in 16 the plot to the basal area of the subject tree (CI 7 : Corona and Ferrara 1989) , (viii) the approach 17 which considers the ratio of competition index number 7 to the relative spacing index (RS) 18 (CI 8 :BALMOD:Schröder and Gadow 1999), (ix) the approach which assumes the sum of the 19 crown projection areas of all trees in the stand at 66% height of the live crown length of the 20 subject tree as the competition index (CI 9 : Latham et al. 1998; Nagel 1999) . The decrease in the 21 values of distance-independent competition indices CI 1 , CI 7 , CI 8 and CI 9 indicate that the subject 22 tree has a competitive advantage or it has approached free growth. The increase in the values of 23 D r a f t the remaining five distance-independent competition indices (CI 2 -CI 6 ) indicate that the subject 1 tree has approached free growth. In this case, the subject tree can reach the maximum yield 2 enabled by its genotype potential and the growth medium. 3
In this study, two approaches to quantify the level of competition in distance-dependent 4 competition indices were assessed: influence-zone overlap indices or crown-area overlap indices 5 and size-ratio indices or distance-weighted size ratio. The five competition indices in Table 2  6 (CI 10 -CI 14 ) (Staebler 1951; Newnham 1966; Gerrard 1969; Bella 1971; Arney 1978) are termed 7 as influence-zone overlap indices. In this first group of indices, the growth zone of a tree is 8 assumed to be circular and named the "influence zone". In this method, it is assumed that the 9 horizontal circle surrounding the subject tree represents the active competition zone and 10 competition takes place in the areas where the subject tree and the neighboring trees intersect or 11 overlap. The center of the influence-zone is taken as the axis of the subject tree and the diameter 12 of the influence-zone is taken as the crown width of the subject tree or the crown width of the 13 tree growing in a competition-free fashion, which has the same breast height diameter as the 14 subject tree (Corral Rivas et al. 2005) . The last four indices in Table 2 second group of indices, competition index is calculated as the sum of distance-weight ratios of 17 the competitor trees. Size-ratio indices are calculated as the sum of the ratios of the dimensions 18 (e.g., diameter at breast height, tree height, and basal area) of the subject tree to the competitor 19 trees' dimensions and are commonly weighted by the distance of the subject tree to its 20 competitors. These indices are based on the hypothesis that the competitive influence of a 21 neighboring tree increases with increasing dimensions and decreasing distance. Competitor trees 22 D r a f t are assumed to be the ones falling in the circle with a fixed radius or the certain number of trees 1 (e.g. 4 and 8) that are closest to the subject tree. 2
The most challenging issue in the formulation of distance-dependent competition indices is 3 the determination of the neighboring border because a small tree nearby and a large tree further 4 away can have the same degree of influence on the growth of the subject tree. Distance-5 dependent competition indices directly or indirectly consider the size of the neighbors and the 6 distance between them and the subject tree. The most common approaches used to select the 7 neighboring competitor trees in terms of determining the neighboring border (competitor 8 selection methods) can be listed as the Fixed Radius Method, Crown Overlap Methods, Angle 9
Count Sampling Methods and Vertical Search Cone Methods (Pretzcsh 2009; Burkhart and 10 Tomé 2012) . 11
In this study, the competitor neighbor trees were selected by four different approaches. The 12 first approach (M1) used the influence overlap method, the next two (M2-M3) used the fixed 13 radius method and the last one (M4) used the angle count sampling method. M1 takes the area of 14 influence overlap approach first proposed by Staebler (1951) as the basis. The potential area of 15 influence of a tree is generally defined as the circle with a fixed radius (the crown radius of the 16 subject tree) around the subject tree. Competition is said to take place when the crown areas of 17 the subject and competitor trees overlap (Corral-Rivas et al. 2005) . M2 considers the radius of 18 the zone of influence radius to be 40% of the mean height of each plot (CZR 0.4h ) (Sims et al. 19 2009). M3 zone of influence is calculated using the equation below proposed by Lee and Gadow 20 (1997) . Zone of influence radius is determined based on the number of trees in each plot. If the 21 diameters of the trees within the zone of influence are 30% (d j ≥ 0.3d i , where d j and d i stand for 22 D r a f t the diameters of the competitor and subject trees, respectively) or thicker than the diameter of the 1 subject tree, they are considered the active competitor trees (Maleki et al. 2015) . 2
where CZR k represents the dynamic radius (the radius of influence zone), N represents the 3 number of trees per hectare and k is a constant (k = 2 in this study). 4
If M4, the angle count sampling: Bitterlich method is being used to identify the competitor 5 trees, then the distances and the diameters of the competitors are taken into account. A tree was 6 considered a competitor if its distance to the subject tree was: 7
where d j is the diameter of the neighbor tree, BAF is basal area factor and dist ij is the distance 8 between the subject tree i and the neighbor tree j and 50/√BAF is a factor for the control of 9 boundary trees. The boundary distance, up to which a tree is regarded as a competitor, used for 10 this study assumed angle count factor (ACF) = 4 is di × 25.00 (Lorimer 1983; Tomé and 11 Burkhart 1989; Pretzcsh 2009). 12 In this study, when the four different competitor selection methods and 18 different 13 competition indices were considered together, 30 combinations were assessed to manifest the 14 change in diameter growth. Nine of these combinations were distance-independent competition 15 indices (CI 1 -CI 9 ), five of them were distance-dependent indices calculated only by the influence 16 zone overlap approach (CI 10 -CI 14 ) and 16 were the combinations of the last four competition 17 indices (CI 15 -CI 18 ) with four different competitor selection methods. 18
Individual tree diameter growth models 19
Individual tree diameter growth depends on a number of factors such as genetic 20 characteristics, diameter at breast height, height, age, crown size (e.g. crown width, crown 21 D r a f t length), competition indices, site index, stand density, stand age and stem number per hectare 1 (Sterba et al. 2002) . 2 Two different diameter growth models were applied in this study: a reduced and a 3 complete model. The reduced model (Equation 5 ) is developed as a control to determine the 4 change in diameter growth of individual trees without taking into account competition. This 5 model is based on the hypothesis that individual tree diameter growth (i d5 ) is a function of the 6 diameter at breast height at the beginning of growth period (DBH), stand age (t), site index (SI), 7 stand density (SD) and stand basal area (BA). The complete model (Equation 6) is similar to the 8 reduced model but considers the contribution of the competition index as a new variable. In other 9 words, Equation 6 reveals the amount of contribution of the competition index to the diameter 10 growth model in Equation 5. 11
where i d5 5-year diameter growth, DBH diameter at breast height 5 years ago, t stand age, SI site 12 index, SD stand density, BA stand basal area, and CI competition index. 13
This study developed fixed and mixed effects models to analyze diameter growth. First of 14 all, we constructed a nonlinear multiple regression model between i d5 (cm) and some predictor 15 variables that influence diameter growth. The estimation of the parameters of these diameter 16 growth models was done with the PROC MODEL procedure available in SAS/STAT® 9.3 17 software (SAS Institute 2013). The goodness of fit of the regression models was determined 18 using the adjusted coefficient of determination (R 2 adj ), Root Mean Square Error (RMSE), 19
Akaike's Information Criterion (AIC), and and Schwarz's Bayesian information criterion (BIC). 20
It is desired that ܴ ௗ ଶ be close to 1 and RMSE, AIC, and BIC values be low. 21
where n is the number of observations, p is the number of parameters, y i , ‫ݕ‬ ො and ‫ݕ‬ ത are observed, 1 predicted and mean values of the dependent variable, respectively, L is the maximum of the 2 likelihood, k is number of parameters in the model including error term. 3
If models are fitted to datasets that contain spatial and temporal autocorrelation using the 4 ordinary least squares technique, biased standard error of parameter estimates are produced 5 (Littell et al., 2006) . In this study, the last five-year radial growth data were obtained from a total 6 of 432 temporary sample plots. In such data structures the problem of "autocorrelation", also 7 known as "serial correlation", may be observed, which means that different items of data are 8 dependent on each other (Leites and Robinson 2004) . To account for such serial correlations, the 9 mixed-effects approach has been widely recommended in diameter growth modelling, as this 10 enables the modeling of the variance-covariance matrix structure (Calama and Montero 2005; 11 Littell et al. 2006; Weiskittel et al. 2007 
where F* represents an F-distribution, SSE R and SSE F represent the error sum of squares of 16 reduced and full model, respectively, df R and df F represent the error degrees of freedom of the 17 reduced and full model, respectively. 18
In addition, the performance of each competition index and its contribution to the growth 19 model was assessed by the mean square error reduction (MSER). Namely, MSER was calculated 20 according to the formula below to assess the performance of a model with a competition index in 21 comparison to a model without a competition index 22
where MSE 5 and MSE 6 are the mean square errors of reduced (model 5) and complete (model 6) 1 models, respectively. 2
Results and Discussion 3
The success of the competition indices was determined by both fixed and random effects 4 diameter growth models. For fixed models, incorporating one random (b 1 ) parameter produced 5 the best fits. Including more than one random parameters either produced failed model 6 convergence or non-significant parameters at a significance level of 0.05 for some variance and 7 covariance parameters and fixed parameters. 8
In this study, four competition indices calculated only based on size-ratio approach (CI 15 -9 CI 18 ) were assessed according to four different competitor selection methods. The other 14 10 competition indices (CI 1 -CI 14 ) were calculated only based on the area of influence overlap 11 method of competitor selection methods. 12
It was determined that an increase in the adjusted coefficient of determination (R 2 adj ) was seen in 13 21 of 30 different combinations when competition index was added as a variable to the diameter 14 growth model (Table 3 and 4). The performance criteria of the models belonging to the 21 15 combinations that contributed to diameter growth change are given in Table 3 for fixed models 16 and in Table 4 for mixed effects model. 17
As can be seen in Table 3 , MSE values were higher when distance-independent 18 competition indices CI 1 (BAL) and CI 8 (BALMOD) were included in the diameter growth 19 models as a variable compared to the other distance-independent competition indices. In other 20
words, there was a significant contribution of the distance-independent competition indices CI 1 21 (BAL) and CI 8 (BALMOD) to the diameter growth models according to the partial F-test results 22 D r a f t (Table 3 and 4) . There was no significant contribution of the one distance-independent 1 competition index (CI 7 M 1 ) on the diameter growth model 2 #Approximately Table 3#  3   #Approximately Table 4#  4 There was no significant contribution of the one influence-zone overlap competition index 5 (CI 10 M 1 ) on the fixed diameter growth model and two influence-zone overlap competition 6 indices (CI 10 M 1 and CI 13 M 1 ) on the mixed model when compared to the models that did not 7 include competition indices based on the partial F-test results (Table 3 and 4, respectively). MSE 8 values of the models decreased significantly when two of the competition indices (CI 10 M 1 for 9 fixed model; CI 10 M 1 , CI 13 M 1 for mixed model) were included as variables in the diameter growth 10 models (Table 3 and Table 4 Additionally, the performances of the four competitor selection methods were compared. 5
The best selection of competitive neighbors was achieved using the area of influence overlap 6 method whereas the fixed-radius and angle count sampling methods had no significant 7 improvement in quantifying the competition effects (Table 3 and 4). On the other hand, the best 8 performances were obtained with CI 18 M 1 competition index for both fixed and mixed models 9 using the first approach (M1), CI 17 M 2 competition index for fixed model and CI 17 M 2 , CI 18 M 2 10 competition indices for fixed model using the second approach (M2), CI 18 M 3 competition index 11 for both fixed and mixed models using the third approach (M3) and CI 18 M 4 competition index for 12 both fixed and mixed models using the fourth approach (M4). The best performing competition 13 index within each competitor selection method varies based on considering the contribution in 14 the diameter growth model or lowering the MSE value of the model. 15
Overall, the best performing diameter growth models contained the size-ratio competition 16 index CI 18 M 1 developed by Martin and Ek (1984) for both fixed and mixed models (Table 3 and and mixed models, respectively (Table 3 and 4) . In other ways, CI 18 M 1 competition index 22 developed by Martin and Ek (1984) was the best performing index according to partial F-test 23 D r a f t results (F = 235.60 and 153.97 for fixed and mixed models, respectively, significant at p = 0.01 1 level) in this study. Influence-zone approach was used to determine the competitor trees to 2 calculate this index. In this approach, the potential influence-zone of a tree is regarded as the 3 circle with a fixed radius (crown radius of the subject tree) around the subject tree. 4
Distance-independent indices (CI 1 (BAL) and CI 8 (BALMOD)) performed a little better 5 than distance-dependent competition indices (CI 18 M 1 ) when the best performing indices were 6 considered or rather distance-independent and distance-dependent competition indices 7 contributed to the fixed and mixed diameter growth models at similar degrees in this study. 8
However, CI 18 M 1 distance-dependent index performed better than (CI 1 (BAL) distance-9 independent competition index for fixed models, even though the adjusted R 2 (R 2 :0.708) of CI 1 10 value was higher than CI 18 M 1 . Several researchers reported that there were no significant 11 differences between the performances of the two types of models (Lorimer 1983; DeBell et al. 12 1997; Corral-Rivas et al. 2005; Lederman 2010; Sharma et al. 2016 ). Nevertheless, CI 1 (BAL) 13 and CI 8 (BALMOD) competition indices can be derived easily using the already available or 14 easy to acquire variables for each plot (basal area, tree density and dominant height). The goal in 15 competition index studies is the ability to be able determine the competition among trees without 16 taking too many measurements and the easy inclusion of the indices in diameter or basal area 17 growth models (Tomé and Burkhart 1989; Biging and Dobbertin 1995; Schröder and Gadow 18 1999; Álvarez et al. 2003; Corral-Rivas et al. 2005; Pretzcsh 2009; Maleki et al. 2015) . 19 Therefore, despite the lack of a significant difference between the contributions of distance-20 dependent and distance-independent competition indices to the annual diameter growth models, 21 distance-independent competition indices were preferred in the diameter growth models in this 22 study. obtained in some previous studies (Biging and Dobbertin 1985; Schröder and Gadow 1999; 11 Álvarez et al. 2003; Corral-Rivas et al. 2005; de-Miguel et al. 2010; Shater et al. 2011; de-12 Miguel et al. 2012; Kahriman et al. 2016; Maleki et al. 2015) . 13
In this study, also compared fixed and mixed effects models to analyze diameter growth. 14 The reduction rates in AIC and BIC were 14.8% (13.7-16.3%) and 14.6% (13.6-16.1%), 15 respectively. Mixed effects models were more accurate and precise than those fitted without 16 random effects as root mean square error (RMSE) was reduced by 25.4% (23.3-27.3%) for 17 diameter growth prediction. These results indicated that all mixed effects models provided much 18 better fits than their fixed model counterparts. 19
The statistics and the estimated parameters of the diameter growth models generated are 20 shown in Table 4 . Fixed and mixed nonlinear regression was applied to estimate the parameters 21 of equations 5 and 6. In the regression model, model coefficients were significant at a probability In this study, MSER criterion was used to assess whether the performance of the model 10 increased or the errors decreased when a competition index was added to a diameter growth 11 model without a competition index. The significance of MSER statistic was tested by the partial-12 F test. The best performing distance-independent competition indices (CI 1 (BAL) and CI 8 13 (BALMOD)) were found to be as successful for both fixed and mixed models as the best 14 performing distance-dependent competition indices (CI 18 M 1 : Martin and Ek (1984) based on the 15 analysis results. R 2 adj value increased 2.93 to 3.37 % when these three competition indices were 16 included in the fixed model. MSER value of the models with the three best performing 17 competition indices decreased 6.581 to 8.129 % for fixed model and 8.525 to 8.993 % for mixed 18 model compared to the models without any competition index. The difference between the 19 MSER values of these both fixed and mixed models was significant (p < 0.01). 20 CI 1 (BAL) and CI 8 (BALMOD) competition indices can be derived easily using the already 21 available or easy to acquire variables for a given species in each plot (basal area, tree density and 22 dominant height). On the other hand, the performance of CI 8 (BALMOD) index was more 23 D r a f t significant and successful compared to CI 1 (BAL) index. Since one of the objectives of this study 1 is to identify a competition index, which makes a significant contribution to the individual tree 2 diameter growth model and does not require taking too many measurements in the field, CI 8 3 (BALMOD) competition index is recommended to be included as a variable in the growth 4 models for the Calabrian pine stands in Central Mediterranean Region of Turkey. 5
The most significant advantage of the mixed-effects modeling technique over conventional 6 regression models is that mixed-effects modeling technique allows the elimination of the 7 problem of autocorrelation among the data and the homogenization of the distribution of error 8 variance (Pinheiro and Bates 2000; Calama and Montero 2005; Littell et al. 2006; Weiskittel et 9 al. 2007) . In this study, the effect of autocorrelation was successful reduced using random effect, 10 and the distribution of error variance was transformed into a homogenous structure. After the 11 addition of the random effect parameters to the model, the error-related autocorrelation problem 12 was reduced, and the model with random effect parameters had a more homogenous error 13 variance structure (Figure 4b ). 14 As can be seen in the literature, despite the use of many tree and stand parameters to 15 predict tree diameter or basal area growth, generally moderate R 2 values were obtained (Tomé 16 and Burkhart 1989; Wimberly and Bare 1996; Schröder and Gadow 1999; Corral-Rivas et al. 17 2005; Schröder et al. 2007; Contreras et al. 2011; Kahriman and Yavuz 2012; Wang et al 2012; 18 Maleki et al. 2015; Sharma et al. 2016; Śmigielski et al. 2017; Bérubé-Deschênes et al. 2017; 19 Tenzin et al. 2017 Table 2 . The list of competition indices tested to be used in the tree diameter growth model.
Distance-independent competition indices Distance-dependent competition indices Wykoff et al. (1982) ‫ܫܥ‬ 
Martin and Ek (1984) 
